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Abstract. Ten Lo 100 ey protons Frenn the selar are of March 24, 1966 were observed on the
iiversity ol Califuria scintillation counter on OC0-1, The short rise snd deciy tmes observed m
the count rates of the 32 channels of pulse-height analysis show that scattering ol the protons by the
inberplanetiry field was much less important in this event than in previousiy observed proton fanes,
A dilTesion theory in which £ Aed s found o be inadeguate 1o account Tor the time behavior of
the count rates of this event, Small Aucteations of the otherwise smooth decay phase may be due to
flare protons reflected from the back of a shock front, which passed the earth on March 235

1. Introduction

The first Orbiting Geophysical Observatory (OGO-1) was launched into orbit on
September 5. 1964, The orbit is very eccentric, with an initial period of about 64
hours and an apogee of about 24 earth radii. It carries 20 different experiments
designed 1o gather information of geophysical, solar, and astronomical interest
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{Lubwid, 1963). One of these experiments was designed to meusure solar cosmic ray
fluxes Irom 3 o 90 MeV, The detector is shown in Figure [. |t consists of 4 cesium-
iodide crystal [ inch thick and 1} inch in diameter viewed from the side bya RCA-TI19
photomultiplier. A plastic seintillator surrounds the crystal on the bottom and side
and is viewed from below by a second photomultiplier, The entrance agperture to the
cesium iodide scintillator is covered with T-milligrams ¢m™? aluminized mylar to
exclude light. Pulses from the erystal are amplified and fed into a 32-channel analyzer,
Pulses from the plastic scintillator gate out these from the cesium-iodide erystal 1o
insure that only particles coming through the detector opening and stopping in the
crystul are unalyzed. The detector is calibrated in-flight in two wuys: from an Ameri-
cium-241 source with an effective energy loss of 4.4 meV and from the energy of the
protons which just escape from the cesium-indide crystal. For the 1-inch thick crystal
this energy is 90 meV. Alpha particles mity deposit greater energy but the flux will be
much lower. No direct means is provided for discrimination of electrons, protons,

T T T T L T T ]
CHAMNELE (3814 i
5 MEV 3
! MARCH 24,1966 s
1 1 =
ke =
'\-\..,__._\____-__n--_____"__ -
ey ot ]
= CHANMEL B B
= 45 MEY =
o) = —
= i %‘-'L. - =-
[ o= M, —
= = R, =
o = R o i
2 53 [} — =]
L = CHAMNEL & . -
;R 28 MEY -]
- l._\. T =1
20— T =
& L= _"“‘--ﬂ-----____-.. =l
W O e

& - CHAKNEL 3 s
oo = 1T MEY ; =
= b -
W = "5 -
il 50— R 0y ) =

= | o + t T f : t T T T
D o0 CHANNEL 2 =
[E] 12 MEY =
; i —=— 5 MINUTES BVERAGE —
150 1.II T 10 MINUTES AVERAGE |
1ag I\\ E
; -
EL =
S -
50 B
3 3

| L P PO OO e e v W R g

D00 Q400 D500 OEOO P00 £EAn

TIME 1w T

Fig. 2. Uncorrecied count rates of sclected channels during the March 24, 1966 solar proton event,
Draata before 0430 was averaged over S-minute intervals and afterwards over [0-minute inlervals. The
dispersion in the peak fiuxes can clearly be seen.
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and alpha particles. No electrons in this energy range have been identified in associa-
tion with solar flures except for the July 7, 1966 event (McDonaLD, 1966) and the
Auxes of the 3 to 12 meV electrons detected in the interplanctary medium by CLINE
ef al. 11964) are below the detector background flux.

The detector is mounted in the Solar Oriented Experimental Package 1 (Soep-1).
The configuration of this spacecraft has been described by LupwiG (1963). It was
intended that the spacecrafi be space stabilized in such a way that the detector axis
would always point to the sun. However, a malfunction prevented this arientation.
The experiment his also been somewhat limited by a failure in the anti-coincidence
system, This has resulted in high background rates due to the galactic COSINIC TaYS,
A discussion of these problems and their effects on the data is presented in the Ap-
pendix 1o this paper. Although we have been unable to obtain reliable absolute
{lux measurements, the experiment has provided good time histories of protons in the
10490 MeV range from the solar flare of March 24, 1966,

2. The Flare of March 24, 1966

On Maurch 24, 1966 a flare occurred in MeMath plage region 8207, which was observed
in Hx light by four observatories. It began about 0225 UT, reaching a maximum
phase at = 0238 UT. A SCNA was observed with a maximum at 0229, indicating the
production of x-rays. Other ionospheric disturbances were observed which had
maxima within several minutes of the optical maximum. In addition, strong type-IV
continuous radiation in the 5-250 Mc/sec range was seen from (030 to 0523 at the
Culogora Solar Observatory of the C.5.1.R.0. The importance of the flare was 2, and
it was located at a longitude of W 42 and a latitude of N 22. The plage region was very
active and had produced a large number of flares and subflares prior to the March 24
event.

3. Data Analysis

At the onset of the event the satellite was on an inbound sector of its orbit. From the
flure onset until the end of the data coverage the sun-earth-satellite angle was between
32 and 36 and on the dawn side of the earth. The data presented here were recorded
when the satellite was well outside the earth’s radiation belts,

Continuous tape recorded data are available from 2202 UT on March 23 to 0826
UT on March 24. The count rates of each of the channels averaged over the time
interval from 2202 UT on March 23 to 0242 on March 24 were used as the background
flux during this event. Another interval of usable data was received from 2004 UT
e 2154 UT on March 24,

The first protons were seen at 0250 UT, hence the travel time was only about
20 minutes if the injection time is assumed to coincide with the optical maximum.
Figure 2 shows the total count rates in several selected channels. It can be seen that
the highest channels which count the highest-energy protons peak earliest and then
the lower-chunnels peak successively later. Figure 3 shows the times during which each
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of the channels reached its peak count tate. If ane
by the protons seen in the peaks of the different channels
3 can be fit by a curve of the form r~ E-
iv ahout 2.05 AU for the peak fluxes of cach channel.
imilar analysis for the September 28, 1961 event

puoints ol Figure

CHANNEL NUMBER

Times of masimum fuses i euch of the channels The error bars represent the estimated
sncertiinties in choosing the tines. Channels
(his analvsis, The times o TR

13 and 14 and channels 15 and 16 were combined for
deviation gre Lhe Limes wtwhich the counl Tales of the chanmels
show ihe grealest deviation [rom smooth deday,

qesumes thut the distances traveled
are equal, that is. that the
112 then the travel distance
BryanT ef al. (1963) did o
and found & mean triy el distanve of

= 10 AU for the peak flux of each energy region. Qualitatively, one might expect a

difference since the September 2% flare occurred at £ 30 and the March 24 flare wl
W 42, Thus, the protons from the jormer evidently diffused ucross interplanetary
field lines while the protons from the latter could
lines to reach the earth.

Giood fits to the diffusion model worked out by PARKER { [ 963) have been obiained
far three solur proton events by K risiGis (1963).

In this theory he assumes that

travel predominantly along the field

the diffusion coefficient takes the form
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= Me®

where ris the heliocentric radial distance, and M and § are parameters dependent on
the particle energy E. Log. 160 g ploted agamst 17 for dilTferent values of fi
The proper value for #is taken to be that which gives the closest it to o straight line.
Krimigis got reasonably good fits using data from threg solar proton events. The
cvent of 24 March 1966 has also been plotted according to Krimigis™ method. as
shown in Figure 4. In both plots it is obvious that no value of § will vield a straight
line. The strong peak Auxes are responsible Tor a definite curve in all the plits regard-
fessy ol the value of Ji0 The application of @ correetion fictor to the diffusion cguation
Lo aecount for the finite travel times at the onset of the events {WesgER, 1964) has the
elleet of mereasing the curvatures of the plots, 1t also appears that the fluxes corres-
pording to large ¢ are smaller than predicted, since the points on the right-hand sides
of the graphs in Figure 4 turn down except Tor =1, 10 which case the curve bends
upward. This behavior for large ¢ hos also been seen in solar electron events on IMP-
HE L and Asorrson, 19666k, The proton event reporied here is very similar 10 the
eleciron events in that in both cases mjection occourred near the base of the inter-
planetary field lines passing by the eurth, and the rise times and delay times of the
fluxes were very short, [ appears in these cases that the particles are traveling along
the Tield lines with very little scattering. Hence, it s not surprising that a diffusion
maodel gives such o poor fit to these events. Another ceason to expect little scattering
For this particular event s that Ap was very low on March 24, The field was undoubi-
cdly very well ordered at this time since 8 plasma cloud which caused an SC on March
23 had streteched the field lines behind it. Further evidence for the well-ordered nature
of the field lines cun be deduced from the fuct that an electron event associated with
this Aure was also abserved on IMP-111 by Lixn and AnDErson {1966a) and was [ound
to have an unusually short delay time, The shoet travel times of both electrons and
protons and the location of the Aare gt W 42 suggest that the earth was in the cone
of propagation for this event. In this cone, particles travel along the field lincs with
very little scattering, Liv and Axoerson (1966b) found that this cone of propagation
his an opening angle of = 30 for simple electron events, Figure 3 shows the geometry
ol the situation,

Further evidence for the cone of propagation can be seen from a class-2 Rure on
March 23, This flare occurred at W 32 and reached Hax maximum at = 2300 UT, It
oceurred in the same plage region as the March 24 flare and was separated from the
lanter flure by less than four hours in time and by approximately 10 of solar longitude,
The time behavior of the two events is considerably different, however, Mo increuse
m counting rates wis seen until after 0000 UT on March 24, Ton chamber data from
OGO-N1 {WinckLEr, 1967y and [IMP-I11 also show no increase until after 0000 UT
on March 24, Thus. « full hour elapsed before any protons were observed [rom the
March 23 event. but counting rates were seen to be rapidly increasing within a half
hour of the March 24 event. Evidently, protons from the earlier event had to diffuse
across field lines either at the sun or in interplanetiary space to get to the carth, These
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two events illustrate the different kinds of behavior of solar proton events depending
on whether the earth is in the cone of propagation for the flare. When the earth s in
the cone of propagation. we see events like the March 24 event and the 40 keV electron
events. When the earth is outside the cone, the protons must diffuse across field lines
giving rise to a diffusion type event such as the March 23 event. Because the flares
were separated by less than four hours in time, it is assumed that the interplanetary
field configuration did not change significantly between events. The March 23 event
was severil orders of magnitude lower in flux than the March 24 event so that the
counting rates of the latter were not significantly affected by the former.

One of the events for which Krimigis obtained a good fit to the diffusion model
wus the proton event of July 18, 1961 This event had a history very similar to the
March 24, 1966 cvent. An earlier flare on July 15, 1961 was presumably the source of a
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Fig, 4b.  Krimigis” theory applied o the corrected count rates of channel 11,

geomagnetic storm. which began on July 17 at 1827 UT. The July 18 flare occurred at
W 3K, in the same plage region as the earlier July 15 fare. It might seem that inter-
planetary conditions were favorahle Tor the occurrence of a fast rise and Fast decay
event similar to the March 24, 1966 event. Although a rapid rise was seen in the
neutron monitor data For the Julv I8 event (McDonaLn, 1963), Krimigis found a
diffusion constant for the £ 40 meV protons, which was smaller than the diffusion
constants for similar energies of both the September 28, 1961 and the April 15, 1963
events. However, these latter two events occurred at E 30 and W 03, respectively.
The Kp indices for July 18 may offer a clue o the behavior of this event, The geo-
magnetic storm began at 1827 UT on July 17, Kp was very high from the onset until
alter July 18, If we tuke the high Ap to be an indication of conziderable interplanetary
disturbances. it can be seen thut the 40 meV protons had to diffuse through the
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B B

Fig. 5. The idealized interplanetary magnetic field at the time of the March 24 flare. Protons
reflected Trom the shock an B mav have traveled back 1o the earth along path 4 and been seen by the
OGO detector at C. £ is the idealized path of & first "wave” proten.

turbulent region to reach the earth. 11 the July 18 event had occurred about 24 hours
luter when Ap wis low, the event may have resembled the March 24, 1966 event.
The history of events preceding the Muarch 24 flare is discussed below,

It can be scen in Figure 2 that the typical behavior of the count rate in a given
channel is o very smooth and rapid onset followed by a smooth decay, until al some
time near (400 UT there is either an anomalous increase or a lack of decrease m the
counting rute. Alter approximately hall an hour of the anomalous behavior the
decay proceeds smoothly, This behavior is clearly seen in channel 5 and higher
channels. It is not so obvious in channels 2, 3, and 4. In view of the well-behaved
nature of the rest of the event. it is worth trying to explain this anomalous behavior
at = 0400 UT. It is not likely due to injection of more solar protons from another
flare since no other Aares were reported until 0719 LT,

It can be seen in Figure 3 that there is a dispersion in the times of maximum
deviation from a smooth decay for the channels plotted. For several of the channels
it is not at all obvious exactly what these times are since the count rates fluctuate too
much to enable one clearly to pick a single maximum, but the general trend is clearly
that the deviation maxima occur at later times in the lower-energy channels, This
dispersion can be used to rule out another obvious possibility, namely that the (400
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UT decay anomaly s due to the filamentary nature of the interplanetary field as
deseribed by BARTLEY o7 al, (1966} from measurements on Pioneer 6, One would
expect all the fluxes to peak simultancously as the earth passed through the middle of
the filament. Since this is not the case. let us consider the possibility that the particles
in the decay anomaly left the sun at the same time that the main group did but
traveled i greater distance before they were observed at the earth. Two cases can then
be considered, The first is that they traveled along a much longer field line to reach
the carth, The second cuse is that they went pust the earth and were reflected back.
In considering the frst case, it can be seen from Figure 3 that the anomalous particles
took am extra = 40 minutes to reach the earth. Sinee particles seen in the main coun-
ting rate peaks traveled for = 30 minutes, an extra 40 minutes of travel time implies
thit the associated lilament should be o very extended one, a difficult idea to Gccept
in view of the well-ordered and gquiet conditions present in the field, as seen in the
discussion above, A linal objection is that the count rates of channels 2 and 3 with the
lowest-energy protons show the least deviations from smooth decay. Since the lower-
cnergy prolons have the smaller gyroradii, one would cxpect that they would be the
maost sensitve to changes of filaiments,

The hypothesis advanced here to account for the deviations from smooth decay
i thut these anomalous fluxes are protons which have been reflected from a shock
wave assoviated with o sudden commencement which occurred at 1133 UT on March
23 In erder 1o understand the phenomenon clearly, it is necessary to consider the
events which preceded the March 24 flare. As it crossed the solar disk, plage region
8207 was cxtremely active. A class-2 flare was observed at 1000 UT on March 20
This flare was probably responsible for the sudden commencement at 1133 UT on
March 23, The Deep River Neutron monitor showed a Forbush decrease at this time,
which did not begin to recover until the end of March 24, Assuming a constant
velueity Tor the shock wave and a travel time of 73.5 hours, the velocity was 566
Lmsee. Then at 0300 UT on March 24 it was 0.21 AU past the earth. If it took 20
minutes o ravel coch way to account for the = 40-minute delay in the anomalous
flus, o proton traveling in a straight line from the earth to the shock and buck again
would reguire a velocity of 2.6 10 cm/sec. This is obviously a minimum velocity
since the protons can be expected to expend part of their motion in spiraling and
being scattered by the interplanetary field in addition to undergoing some kind of
complicated motion at the shock front itself. The travel distances for the reflected
protons will also be greater because the protons will not follow the sun-carth line
hack Lo the shock front, but must follow the general spiral field behind the shock. The
velocities of the protons observed in channels 6 to 16 are 7.5 10 12 = 10" emjsec, so
that the protons could travel a distance of 3 to 5 times the rectilinear distance. It has
heen assumed here that the initial ‘wave’ of particles as seen in the very sharp maxima
iv whit is being reflected to produce the deviation maxima. Since the lower channels,
especially 2 and 3, have such broud maxima. iUis not surprising that no easily discerni-
ble flux due to reflection can be seen.

By knowing the fluxes in the initial “wave” of protons and by estimating the fluxes
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in the reflected component, a crude kind of reflection coefficient can be estimated.
This coefficient has the value =012, It must be pointed out that the detector has
directional response characteristics, which make the interpretation of this coefficient
somewhat difficult. The earth™s magnetosphere also must play a role, probably in
blocking some of the reflecied protons.

Pursuing this hypothesis further, one would expect the dispersion in the times of
masimum deviations 1o increase to the times of maximum flux in Figure 3. This is not
clearly the case, although the velocities of the protons observed in channels 6 to 16
vary by a factor of nearly 2. However, as pointed out before, the times of maximum
devintions are only a best guess for each channel, The low fluxes of ancmalous
purticles make the times difficult to estimate. It is also possible that the low-energy
protons are reflected first, perhaps in the turbulent region behind the shock, while
the protons of higher energies penetrate farther before reflection. Such an effect would
tend to reduce the expected dispersion of reflected protons,

Cme general kind of theory which cannot be ruled out is particle storage at the sun.
It can be conjectured that a cloud of trapped particles was released 40 minutes afier
the flare maximum. While this theory cannot be directly ruled out by observation, it
implies storage of protons of energies of the order of tens of meV. In events where
protens have been seen long enough after the original flare to consider them as
having been trapped. as for example in the September 28, 1961 event (BryanT ef af.,
1962}, the protons were in the few-meV range with a steeply decreasing energy
spectrum,

A final value derived from the data of this event was the ratio of the proton to
alpha flux at = 38 meV/nucleon. The count rates of all the channels were integrated
from the start of the event to 0826 UT on March 24, The calculated ratio is 1744+ 50
where the error is due mainly 1o uncertainties in the interpretation of the energy levels
of the channels. This value is fairly large compared to flares previously studied by
FiouTeL [ 194),

Appendix

I Anti-eoincidence fallure. — As a result of the failure of the anti-coincidence system
a large background was introduced since the effective geometry factor is 130 em?® sr
fur the galactic cosmic rays, The total count rate of all channels agrees well with an
assumed cosmic ray flux of 0.2/em? see st above 100 MeV. A typical spectrum due to
primary cosmic ray effects 15 shown in Figure 6. The peak in channel 3 is due to
minimum-ionizing protons, which leave 18 MeV in the crvstal if they traverse the
I-inch thickness. The path lengths of the particles in the crystal can vary from 0 to 1.6
inch, and one gets the counts distributed over several channels. This peak provides a
rough calibration of the detector. The second peak in channel 15 is harder to explain,
A smuldl peak is expected at about 72 meV due to minimum ionizing alpha particles,
The count rate expected in the peak agrees fairly well with the observed count rate,
but the sharpness of the peak is rather strange in view of the wide range of path
lengths possible. The time behavior of the counts in this peak indicate that it is
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Fig. 6. A typical background of the University of California OGO-I Cs1 scintillation counter.

associated with the spacecraft operation and may be partly due to electrical inter-
ference. The count rate in the peak varies slowly in time, with noticcable changes
taking place only after weeks of observing time.

The malfunction of the anti-coincidence makes it difficult to obtain reliable
absolute proton and alpha fluxes. A comparison of the data from this event with
riometer data (MASLEY, 1966) has shown that the total counting rate of the OGO
detector is 6 to 8 times higher than if the anti-coincidence were working. Since protons
of less than 16 MeV are constrained to enter the crystal through the detector opening,
it is only the protons of greater energy that will cause the main difficulties. Because
of the nature of the geometry of the crystal most higher-energy protons can be
expected to lose a substantial amount of their total energy in the crystal. Early in the
event the low energy channels are affected by the high-energy particles as can be seen
from the shoulders preceding the counting rate maxima in channels 2, 3 and 5 in
Figure 2. As the event proceeds, the energy spectrum becomes steeper, and a counting
rate of a given channel is less affected by protons of higher energies. So the greatest
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errors are garly in the event, before the peak in the counting rate of the given channel.
The effect on the validity of the diffusion curves of Figure 4 is to increase the values
ol the points plotted for the time of maximum flux, Qualitatively, a correction to these
vurves would increase the curvature for the points at small 1,

The encrgies of the 31 channels used in analyzing the data are given by

E=3551+05

where s is the number of the channel and £ is the mean energy of a particle recorded
in that channel, The three points used to determine the energy setting were the |8
meV peak due to minimum-ionizing cosmic rays, the 72 meV minimum-ionizing
alpha peak, and the 90 meV cutodl. Because of the uncertainties involved, the nominal
cnergics of the highest channels could be wrong by as much as 10-15 meV.

2. Gain changes. - During the life of the experiment, the peak at = 72 meV has been
s how as channel [3 und as high as channel 16, During the event discussed here this
peak stayed in channel 13, so that any gain change was negligible,

During the early life of the spacecrafi the counts from the Am>*' calibration
source were recorded in channel 2. The count rate in this channel decreased with
subsequent orbits, until in the Spring of 1965 no counts from the source were recorded
in channel 2. This was due to the slow increase of the lower edge (minimum energy)
ol chinnel 2. The 18 meV peak moved from channel 4 to channel 3 during this time,
The lower edge of channel 2 did not appear to change during the flare observations.
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